Hoxb8 mutant mice were generated by inserting the lacZ coding sequence in frame with the ®rst exon of Hoxb8. These mice express a fusion protein with a functional b-galactosidase activity instead of Hoxb8. Mutant embryos were analyzed for anatomical changes. The results indicate that Hoxb8 is not an indispensable regulator of A-P patterning in the forelimb, unlike suggested by our Hoxb8 gain of function experiments (Charite Â J, DeGraaff W, Shen S, Deschamps J. Cell 1994;78:589±601). The null mutant phenotypic traits include degeneration of the second spinal ganglion (C2), an abnormality opposite to the alteration in the gain of function transgenic mice. Subtle changes in the thoracic part of the vertebral column were observed as well. Adult homozygous mutants exhibit an abnormal clasping re¯ex of the limbs. q
Introduction
It is well established that vertebrate development depends on the action of the Hox genes for correct speci®cation of the identity of embryonic structures along the antero-posterior axis. Hox genes are the vertebrate homologues of Drosophila homeotic genes: they encode transcription factors that bind to DNA via the evolutionary conserved helix-turnhelix motif and regulate the expression of, so far largely unknown, target genes (reviewed by McGinnis and Krumlauf, 1992) . In the mouse, 39 Hox genes have been identi®ed, which are organized in four clusters called a, b, c and d, located on four different chromosomes. Based on the similarities in their homeodomain and their relative position in the cluster, the Hox genes can be further divided in 13 paralogous groups (Graham et al., 1989; Duboule and Dolle Â, 1989) .
In the developing mouse embryo, Hox genes are expressed in partially overlapping domains in the mesoderm, neurectoderm and some endodermal structures. With one exception, Hox genes that are located 3 H in the cluster are expressed earlier, and eventually up to more anterior regions than more 5
H genes (McGinnis and Krumlauf, 1992; Duboule, 1994) . The ontogeny of the expression domains involves distinct phases: expression is initiated during gastrulation in presumptive extraembryonic tissues in the posterior part of the embryo, spreads forward along the mesoderm and ectoderm of the primitive streak, passes the node and extends further rostrally until the anterior boundaries are established (Deschamps and Wijgerde, 1993; Deschamps et al., 1999) . From then on, transcription of the Hox genes within the expression domains is maintained by the mouse homologues of the trithorax and Polycomb group genes. Both the direct action of transcription factors on cis-acting regulatory elements and the modulation of higher order chromatin structure of the Hox clusters are believed to be involved in tightly regulating the expression of the Hox genes during embryogenesis (reviewed by Duboule, 1998; Gellon and McGinnis, 1998; Deschamps et al., 1999) . Changes in Hox expression can alter the identity of structures along the anteroposterior axis, as has been found in various gain and loss of function studies (reviewed by Krumlauf, 1994) . The main conclusions from these studies were that: (a) generally, gain of function mutations lead to posterior transformation and loss of function mutations to anterior transformation of structures (Krumlauf, 1994) ; (b) the anterior boundary of the expression domains seems to be essential for Hox gene function since effects of mutations www.elsevier.com/locate/modo are found most often near this boundary (Kessel and Gruss, 1991; McGinnis and Krumlauf, 1992; Krumlauf, 1994) ; (c) mutations in different Hox genes can result in similar abnormalities and (d) both paralogous and non-paralogous Hox genes cooperate in a qualitative and quantitative manner since phenotypes are enhanced in compound mutants for two or three Hox genes and phenotypes in transheterozygotes are often similar to those in single gene knockouts (for examples see Rancourt et al., 1995; Horan et al., 1995; Chen and Capecchi, 1997; Manley and Capecchi, 1997; Chen et al., 1998) .
Previously, we showed that ectopic expression of Hoxb8 into regions more anterior than the endogenous expression domain resulted in a complex phenotype with varying severity depending on the transgene integration site. An ectopic zone of polarizing activity (ZPA) was generated at the anterior margin of the forelimb bud, resulting in a mirror image duplication of posterior digits and zeugopod structures (Charite Â et al., 1994) . In the somitic mesoderm posterior transformations of vertebrae C3±C7 and abnormalities of the atlas and axis were found (Charite Â et al., 1994; Charite Â et al., 1995) . In the neurectoderm a persistent, rather than degenerating, ®rst spinal ganglion was observed (Charite Â et al., 1994; Fanarraga et al., 1997) . Here we approach the function of the Hoxb8 gene in its normal domain of expression by generating null mutant mice. In this paper we describe the phenotypic consequences of disrupting Hoxb8 by inserting the lacZ coding sequence in frame with the ®rst exon of the gene.
Results

Disruption of Hoxb8
The strategy of targeted disruption of the Hoxb8 gene in ES cells, using a loxP-¯anked PGKtkneo cassette, is depicted in Fig. 1 ) the PGKtkneo cassette (see Section 4.3 Experimental procedures). An ES cell line carrying a disrupted Hoxb8 fused to lacZ and a PGKhygro selection cassette (not shown) was used to generate another strain of Hoxb8 mutant mice. The phenotype of these mice was identical to that of the Hoxb8lacZneo 1 mice and will not be described here.
Expression of the fusion protein in Hoxb8lacZneo
1 and Hoxb8lacZneo 2 embryos
The in-frame insertion of the lacZpolyA sequence in the ®rst exon of Hoxb8 should result in the expression of a fusion protein with a functional b-galactosidase activity, instead of a functional Hoxb8 protein. This fusion protein should be expressed like endogenous Hoxb8. We compared the expression patterns of the fusion protein in heterozygous mutant embryos of both the Hoxb8lacZneo 1 and Hoxb8lacZneo 2 colonies with the pattern of Hoxb8 mRNA expression in wildtype embryos.
Hoxb8 mRNA is ®rst expressed at day 7.5 during late neural plate/early headfold stages. Subsequently, expression spreads forward along the primitive streak and, at day 8.5, the rostral expression boundaries of Hoxb8 are in the neurectoderm at the level of somite 5 and in the mesoderm at the level of somite 10/11. At day 11.5, the boundaries are at the level of the posterior hindbrain in the neurectoderm and at the level of prevertebra (pv) 7±8 in the mesoderm (Deschamps and Wijgerde, 1993; Charite Â et al., 1994) . Expression of the fusion protein in Hoxb8 1/2 lacZneo 2 embryos was ®rst detected at day 7.5 (not shown), and mimicked the expression of Hoxb8 mRNA in all respects and at all observed stages (see Fig. 2 ). In Hoxb8lacZneo 1 embryos, expression of the fusion protein appeared to mimic Hoxb8 mRNA expression as well. However, expression levels were lower, in particular in the mesoderm and spinal ganglia (Fig. 2F ). On sections of 12.5-day Hoxb8lacZneo 1 embryos (not shown) the low expression level did not allow us to observe staining in the rostralmost part of the expression domain in the mesoderm (pv7) where Hoxb8 mRNA is normally weakly expressed (Deschamps and Wijgerde, 1993; Charite Â et al., 1994) . These data show that presence of the PGKtkneo cassette has a negative in¯u-ence on the expression of the Hoxb8lacZ fusion protein.
2.3. Absence of limb patterning defects and occurrence of axial skeletal defects in Hoxb8lacZneo 1 and Hoxb8lacZneo 2 mice
Skeletal analysis revealed that embryos and mice from the three Hoxb8 null mutant colonies that we generated did not exhibit any A-P or other patterning defect in the limbs (not shown).
Analysis of the skeleton of day 18.5 embryos or newborn mice of the Hoxb8lacZneo 1 colony revealed abnormalities of the vertebral column in 100% of the homozygous mice. All these mice showed malformations of the ®rst thoracic rib (T1) at both sides. The rib was either reduced to a very small knob or fused with T2, resulting in the attachment of only six ribs to the sternum and deletion of a sternal segment (Fig. 3B) . Thirty-eight percent of the Hoxb8 1/2 lacZneo 1 mice showed an abnormal vertebral phenotype. Although seven ribs were attached to the sternum in these mice like in wild types, the points of attachment to the sternum of one or more ribs were abnormal, ranging from unilateral inversion of the point of attachment of T1 and T2 (as in Fig. 3D ) to unilateral shifts of the points of attachment of T1 to T5 (Fig. 3C) . We observed similar abnormalities (inversions/ shifts of rib attachment points) in 33% of the examined Hoxb8 2/2 lacZneo 2 mice (Fig. 3D ). Only 6% of the examined Hoxb8 1/2 lacZneo 2 mice displayed such a vertebral phenotype. The penetrance and severity of the observed H , 3 H and internal probes. The left panel shows southern analysis with the 3 H probe. This probe was a BamHI±BglII fragment which in the case of a wild type allele hybridizes with a 9-kb HindIII (B) fragment and in the mutant with a 15-kb HindIII fragment (C). The right panel shows the results of hybridization with the internal probe which was a HindIII±BamHI fragment giving rise to 11.5-(B) and 7.5-kb (C) fragments respectively (EcoRI digest). The 5 H probe was a BamHI±EcoRI fragment that should give 5-and 20-kb fragments from a BamHI digest (not shown). (F) Cre-mediated excision of the PGKtkneo cassette after crosses of heterozygotes with CMVCre transgenic mice was checked by hybridization of HindIII digested DNA from the offspring with the BamHI±BglII probe. Excision should result in a 12-kb (D) instead of a 15-kb hybridizing band (C). Heterozygous mice in which excision seemed complete (arrows) were used for further breeding and their offspring was tested with a neo amplifying PCR (see Section 4) to con®rm removal of the PGKtkneo cassette.
phenotypes was therefore much lower in the Hoxb8lacZ-neo 2 compared to the Hoxb8lacZneo 1 colony. An overview of the axial skeletal defects found in the Hoxb8 mutants is presented in Table 1 .
Targeted disruption of Hoxb8 leads to degeneration of spinal ganglion C2
We analyzed sections of 12.5-day Hoxb8 mutant embryos of both the Hoxb8lacZneo 1 and Hoxb8lacZneo 2 colonies. An abnormal morphology of the second spinal ganglion (C2) was observed with full penetrance in homozygous mice of both colonies (Table 2 ). In wildtypes, C2 is characterized at early stages by its typical triangular shape and bipartite anlagen. At later stages (day 12.5) it has a smaller rostral and a larger caudal moiety from which two separate nerve branches extend, which contribute to the second spinal nerve. It can then be identi®ed as the most rostral persistent dorsal root ganglion, located at a level between the atlas and the axis (Fig. 4A ). More rostrally located are the remnants of C1, which degenerates around day 10.5 during normal development and has a typical bar-like shape by day 12.5 (Froriep, 1882; Spo Èrle and Schughart, 1997; Fanarraga et al., 1997) . At day 9.75, C2 was similar in size and shape in wildtypes and mutants (not shown). At day 12.5 however it had degenerated at least partially in all mutants, its remnant having an abnormal shape and more dorsal location. The severity of this abnormal phenotype varied between embryos. In the most severe cases C2 had completely degenerated and had a bar-like shape like C1; in those cases afferent sensory ®bers were absent (Fig. 4C ). In less severe cases (including heterozygotes) only the rostral moiety of the ganglion appeared to be abnormally shaped (Fig. 4B ). Upon inspection of day 12.5 whole mounts, changes in the C2 ganglia of Hoxb8 2/2 lacZneo 2 embryos could be observed as differences in the shape, position and (D) At day 11.5, the weaker expression in pv7 compared to more posterior prevertebrae is clearly visible. In the neurectoderm the boundary is located at the level of the posterior hindbrain (hb). (E) Expression of the fusion protein in a 12.5-day Hoxb8 2/2 lacZneo 2 embryo; no difference could be observed in the boundary of expression of the fusion protein between Hoxb8 1/2 lacZneo 2 and Hoxb8 2/2 lacZneo 2 embryos, but the expression level was higher in homozygous mutants. (F) Expression of the fusion protein in a 11.5-day Hoxb8 1/2 lacZneo 1 embryo. Note the lower levels of expression, in particular in the mesoderm and the spinal ganglia in this embryo compared to the neo 2 embryo in (D). (G) Hoxb8 mRNA expression in a 11.5-day wildtype embryo as determined by whole mount in situ hybridization. Signals are relatively weak due to lower probe penetration at this stage.
level of lacZ expression of this ganglion compared to more posterior ganglia (Fig. 4D ). These observations were con®rmed by examination of sagittal sections (Fig. 4E ). An overview of the defects of C2 in Hoxb8 mutants is presented in Table 2 .
We hypothesized that the degenerated state of spinal ganglion C2 in day 12.5 Hoxb8 mutant embryos could be caused by increased apoptosis at early stages after initial formation. We did not observe a signi®cant increase in the number of apoptotic cells in the C2 ganglion between 9.75-and 10.5-day wildtype and mutant embryos. Instead, we observed a similar pattern of apoptotic cells speci®c for these stages in both wildtype and mutant embryos (not shown).
Adult Hoxb8
2/2 lacZneo 2 and Hoxb8 2/2 lacZneo 1 mice display motoric disorders Within both colonies, heterozygous mice were crossed and homozygotes were born at normal Mendelian ratios. Although homozygous Hoxb8 mutant mice have the same size as their littermates at birth, their growth during subsequent weeks lags behind the growth of their heterozygous and wildtype littermates, but catches up after weaning (not shown). Approximately one third of the homozygous animals develops large wounds (lesions of the skin and sometimes of deeper tissues) during their life. These wounds are found on various regions on the back of the animal, ranging from the neck to lower back regions (not shown).
When adult homozygous mice of both colonies are suspended by their tail they display an abnormal clasping re¯ex of both the fore-and hindlimbs. Adult heterozygous and wildtype mice extend their limbs upon tail suspension (Fig. 5A) . Hoxb8 2/2 mice are able to instantaneously stretch their limbs, but both the fore-and hindlimbs are immediately pulled back towards the middle of the body and stay in this position, often grasping each other (Fig. 5B) . Careful observation of the Hoxb8 null mutants revealed that the animals also walk abnormally, raising their hindlimbs higher than normal mice do.
We inspected transverse sections of whole mount X-galstained 11.5-and 13.5-day Hoxb8 1/2 lacZneo 2 embryos in an attempt to better understand the origin of these defects. The sections (Fig. 6) show that Hoxb8 is expressed in a dynamic pattern in the dorsal and ventral parts of the spinal cord, as previously revealed by in situ hybridization experiments (Graham et al., 1991) . At day 11.5, Hoxb8lacZ is expressed at high levels in the dorsal horns of the spinal cord (interneurons) at cervical levels and in the lateral areas (relay neurons) at the less mature thoracic and lumbosacral levels. The ventral horns at the cervical level contain a large population of Hoxb8lacZ-positive cells, which becomes more and more restricted at more caudal levels. At day 13.5, the pattern is more uniform in the dorsal part of the spinal cord, expression being strong at all rostro-caudal levels. In the ventral part Hoxb8lacZ-positive cells are observed in the cervical and lower thoracic/lumbar regions, in level-speci®c patterns. These patterns are likely to include motor neurons projecting to axial, forelimb and hindlimb muscles (Warwick and Williams, 1973; Tsuchida et al., 1994) , compatible with a role for Hoxb8 in motor neuron speci®cation. The fact that the ventral roots of spinal nerves (which contain the axons of motor neurons located in the ventral horns) were also Hoxb8lacZ positive in these cervical and lower thoracic/lumbar regions (Fig. 6) , strongly suggests that motor neurons are indeed expressing the reporter. Preliminary results upon inspection of transverse sections of day 14.5 heterozygous and homozygous Hoxb8lacZneo 2 embryos suggest that lacZ expression is weaker in the ventral horn of homozygotes (not shown). 2/2 lacZneo 1 mice, the most frequently observed phenotype was the almost complete deletion of the ®rst pair of ribs, reducing them to small knobs, and the deletion of the ®rst sternebra, leaving a shorter sternum with only 6 ribs attached. (C) Less severe phenotype in a Hoxb8 1/2 lacZneo 1 mice; incorrect connection of thoracic ribs T2 and T3 (arrows) to the sternum is clearly visible at one side. T4 and T5 also look slightly shifted. (D) Hoxb8 2/2 lacZneo 2 mouse showing aberrant connection of T1 and T2 to the sternum on one side (arrow).
In addition, we observed that the ventral ramus of the second spinal nerve, which contains projections of motor neurons innervating muscles of the neck and shoulder (Warwick and Williams, 1973) , was absent in one examined 12.5-day Hoxb8 2/2 embryo, while it appeared thinner in three others (not shown).
Discussion
Hoxb8 null mutant embryos do not exhibit limb patterning defects
We produced Hoxb8 null mutant mice by targeted insertion of the lacZ coding sequence in the Hoxb8 coding region. We generated three colonies of mice; one with a PGKhygro selection cassette, one with a PGKtkneo cassette (Hoxb8lacZneo 1 ) and one without this cassette (Hoxb8lacZneo 2 ). Hoxb8 overexpression was shown previously to result in mirror-image duplication of posterior forelimb structures, suggesting a role for this gene in the establishment of the zone of polarizing activity (Charite Â et al., 1994) . We did not observe any skeletal limb defects in any of the Hoxb8 mutants. We suspect that, if involved, Hoxb8 would share this function with other Hox genes, and loss of Hoxb8 in the null mutants would be compensated for by the action of functionally redundant Hox genes.
Severity of the axial skeletal defects depends on whether or not the PGKtkneo cassette is present in the Hoxb8lacZ transcription unit
Analysis of the axial skeleton of Hoxb8 2/2 lacZneo 1 embryos and newborns revealed abnormalities involving thoracic vertebrae suggesting the involvement of Hoxb8 in patterning of the vertebral column, which was already suggested by the Hoxb8 gain of function study (Charite Â et al., 1994) . In these Hoxb8 null mice we observed deletion of the ®rst rib or fusion of the ®rst to the second rib, while unilateral shifts in the attachment points of one or more thoracic ribs to the sternum were observed in heterozygotes. Absence of the ®rst rib could be explained by anterior transformation of T1 into a vertebra with a more anterior identity such as C7. This transformation was not observed in Hoxb8 2/2 lacZneo 2 homozygous mice, which exhibit milder defects, similar to those in Hoxb8 2/2 lacZneo 1 heterozygotes.
The clear difference in penetrance and severity of the defects between the Hoxb8 2/2 lacZneo 1 and Hoxb8
2/2
lacZneo 2 colonies of mice indicates that there is in the Hoxb8lacZneo 1 mice (besides a negative effect of the PGKtkneo cassette on the expression levels of the Hoxb8lacZ reporter gene) a negative in¯uence of the PGKtkneo cassette on the expression of one or more neighbouring genes. In agreement with this hypothesis the same defects have been observed in Hoxb7 (Chen et al., 1998) and Hoxb9 (Chen and Capecchi, 1997) null mutant mice among a large number of other Hox mutants (for an overview see Chen et al., 1998) . It has been shown previously that targeting of a PGKneo cassette in a Hox cluster can interfere with the transcription of a neighbour Hox gene ( Van der Hoeven et al., 1996) . The Hoxb8 2/2 lacZneo 2 mice nevertheless exhibit a weak thoracic vertebral phenotype with low penetrance, suggesting a modulating role of Hoxb8 in specifying or stabilizing the identity of these vertebrae.
Hoxb8 and patterning of spinal ganglia
Partial or complete degeneration of the most rostral de®-nitive dorsal root ganglion, spinal ganglion C2, was observed with full penetrance in both the Hoxb8lacZneo 1 and Hoxb8lacZneo 2 colonies, with an increase in severity from hetero-to homozygous mutants. The spinal ganglia arise from neural crest cells that have migrated into the rostral half sclerotomes (Lim et al., 1987) and display regional diversity. A striking feature of the developing craniocervical transition is the absence of dorsal root ganglia at the level of the occipital sclerotomes, and the early degeneration of the ®rst, or the ®rst two cervical spinal ganglia in mammals and birds, respectively (Froriep, 1882; Lim et al., 1987) . In the mouse, Froriep's ganglion (C1) degenerates around day 10.5 (Fanarraga et al., 1997) , while C2 persists as the most rostral cervical ganglion. From experiments in chick it is known that the initial size of the longest surviving transient ganglion (C2) is similar to that of the more caudal cervical ganglia, and that lower proliferation and higher apoptosis rates later contribute to the degeneration of C2 (Goldstein et al., 1995; Geffen and Goldstein, 1996) . Transplantation experiments in chick suggested that the cranial halves of the occipital sclerotomes lack factors essential for normal sensory ganglion development (Lim et al., 1987) though other experiments stress the importance of factors from the neural tube (Kalcheim and Le Douarin, 1986) . In fact, an interplay between factors from the neural tube, somites and spinal ganglia has been proposed (Lim et al., 1987) . It has been suggested that Hox genes might control survival of spinal ganglia (Charite Â et al., 1994; Geffen and Goldstein, 1996) . We did not observe a signi®cant difference in the number of apoptotic cells in C2 between 9.75-and 10.5-day wildtype and Hoxb8 null mutant embryos. We consider it unlikely that a change in proliferation exclusively would account for the degeneration of C2, but will investigate in the future whether an increase in apoptotic rate after day 10.5 combined with a decrease in cell proliferation could account for this aspect of the phenotype of the Hoxb8 null mutant mice.
In some of the heterozygous and homozygous mutants a partial degeneration of C2 is observed. The bipartite anlagen of C2 and other ganglia strongly suggest that C2 originates from two separate populations of neural crest cells from two different`neurosegments' (Spo Èrle and Schughart, 1997). We suspect that in the mutants the identity of either one or both of these populations is respeci®ed leading to degeneration of either the rostral part or both the rostral and caudal parts of the ganglion.
In our earlier Hoxb8 gain of function experiments, spinal ganglion C1 was found not to degenerate. It was not clear whether the survival of this ganglion was responding to the more anterior Hoxb8 expression in the neural tube and neural crest or in the somites (since the transgene was expressed in the anteriormost somites at early stages) (Charite Â et al., 1994) . Since endogenous Hoxb8 is expressed in somites at a far more posterior level than C2 (Deschamps and Wijgerde, 1993 ; the present study), degeneration of C2 in the Hoxb8 null mutants does not result from the loss of Hoxb8 expression in the mesoderm. We conclude from our loss of function experiments, that the survival of the rostral spinal ganglia depends on Hox expression in the neural crest or neural tube.
Both Hoxb8 loss and gain of function mutations affect survival of the rostralmost spinal ganglia. This Hox function may however not be unique to Hoxb8 since transient overexpression of Hoxc8, Hoxd8 and Hoxb7 by coupling them to the RARb promoter resulted in a persistent Froriep's ganglion though at lower frequencies (A. Schouwstra, I. Valarche Â and J.D., unpublished results). This suggests that these Hox genes may have partially redundant functions in the development of the spinal ganglia.
Since spinal ganglion C2 is normally involved in innervation of the skin in the cervical and otic region (Warwick and Williams, 1973) , the lack of C2 in adult mutant mice could result in an altered cutaneous sensibility in this area. Our ®nding of an adult Hoxb8 2/2 mice with a large wound in the neck might correlate with a change of cutaneous sensibility of the animal in this region. Several other adult Hoxb8 2/2 mice show wounds in lower back regions. This suggests that there could be additional, less apparent defects of the sensory nervous system in the Hoxb8 mutants.
Neurological impairment in adult Hoxb8
2/2 mice Hoxb8 2/2 mice of both the neo 2 and neo 1 colonies, as well as Hoxb8 2/2 PGKhygro mice (not shown), exhibit an abnormal limb re¯ex upon tail suspension. This phenotype is reminiscent of the abnormal clasping re¯ex observed in cyclinD1 (Sicinsky et al., 1995) and Mf3 (Labosky et al., 1997 ) mutant mice, although in the latter mice the clasping is only observed in the hindlimbs. The Hoxb8 null mutants attempt to stretch their limbs but this attempt is shortly followed by a retraction to the ventral midline. This suggests that only the effector part of the spinal re¯ex (nerves projecting to the limb muscles) is affected. Hoxb8 is expressed in the ventral horns of the neural tube, in a pattern compatible with this gene being involved in patterning motor neurons (Warwick and Williams, 1973; Tsuchida et al., 1994) . The reduced lacZ expression that we observed in the ventral horns of the neural tube of a day 14.5 Hoxb8 2/ 2 neo 2 embryo compared to a Hoxb8 1/2 neo 2 embryo also points at a possible motor defect. Additional experiments with speci®c (motor neuron) markers are necessary to address the importance of this observation for the clasping phenotype.
A number of Hox mutants show defects in the motor components of spinal nerves; in Hoxc8 mutant mice increased apoptosis of motor nuclei and alteration of somatotopic maps in the brachial spinal cord were correlated with perturbed innervation of forelimb muscles causing a congenital prehension de®ciency of the forepaw (Le Mouellic et al., 1992; Tiret et al., 1998) ; Hoxd10 mutants show an abnormal gait and adduction which could be linked to a shift in the position of the lumbar lateral motor column and a decrease in the number of spinal segments projecting nerve ®bers through the sacral plexus (Carpenter et al., 1997) ; and Hoxa10 mutant mice show homeotic transformation of the spinal nerves between T13 and L6 (Rijli et al., 1995) .
A deletion of the ventral ramus of the C2 spinal nerve was observed in a 12.5-day Hoxb8 2/2 embryo, and a reduction of this branch was seen in several other cases. This ventral ramus runs between the atlas and axis and connects with the ventral rami of other cervical spinal nerves contributing to the cervical plexus (Warwick and Williams, 1973) . Since the ventral ramus contains both afferent sensory ®bers emanating from the spinal ganglion and motor ®bers emanating from the ventral neural tube, part of the reduction is probably due to the deletion of C2 sensory ®bers. Total deletion however means that motor ®bers/neurons are absent, which is also in agreement with the observation of reduced lacZ expression in the ventral neural tube of the day 14.5 homozygote. This defect may be partly responsible for the observed forelimb motor defect, since motor ®bers from C2 innervate neck and shoulder muscles (Warwick and Williams, 1973) . Further studies should enable us to elucidate whether the neurological defect in the Hoxb8 null mutant mice is due to this and/or other alterations of the motor components of spinal nerves projecting to the foreand hindlimbs.
Experimental procedures
Generation of the gene targeting constructs
An 11.5-kb EcoRI fragment isolated from a 129/Ola genomic library (gift of A. Berns) and cloned in pBluescript KS1 was used to generate the targeting construct. This fragment extends from the Hoxb9/Hoxb8 intergenic region to the intron of Hoxb7. Firstly the NotI site in pBluescript was removed. A 8-mer NotI-linker was added to the BamHI site present in the ®rst exon of Hoxb8. This allowed the inframe fusion of a lacZpolyA fragment (excised from pSDKlacZpA, gift of J. Rossant) using 12-mer NotI-linkers and the insertion of a PGKtkneo cassette¯anked by loxP sites (gift of P. Kastner and F. Rijli) 5
H of the lacZ, completing construct I (construct shown in Fig. 1 ). Construct II was generated by insertion of a PGKhygro cassette (Te Riele et al., 1990) instead of the loxP-¯anked PGKtkneo cassette (not shown). The gene targeting vectors were linearized by BamHI digestion and puri®ed using Qiagen columns.
Cell culture and electroporation
E14 ES cells were maintained on feeder layers from primary embryonic ®broblasts in GMEM containing 10% FCS, 0.1 mM b-mercaptoethanol and 1000 units/ml leukemia inhibitory factor (LIF) in a 5% CO 2 -humidi®ed incubator. 4 £ 10 7 E14 ES cells were electroporated with 100 mg of the targeting construct. Selection with G418 (200 mg/ml) or hygromycin (150 mg/ml) was started the second day after electroporation. Only during selection, cells were cultured in 60% BRL-conditioned medium without feeder cells.
Generation of Hoxb8 mutant mice and DNA analysis
After transfection with construct I, DNA samples from 511 G418-resistant colonies were digested with HindIII and hybridized with a 3 H -¯anking BamHI±BglII probe. Positive clones were further analyzed with a 5 H -¯anking BamHI± EcoRI and internal lacZ and HindIII±BamHI probes (Fig.  1) . One correctly recombined Hoxb8lacZneo 1 clone was identi®ed and injected into C57BL/6 blastocysts. Chimeric males were crossed with FVB females and heterozygous offspring was identi®ed by coat colour and southern analysis of tail DNA. Heterozygous males were crossed with CMV± Cre transgenic females (Dupe Â et al., 1997 ; gift of M. LeMeur and P. Chambon) to obtain a second colony of mice without the PGKtkneo cassette. Removal of the cassette was veri®ed by Southern analysis of tail DNA (Fig. 1) and by polymerase chain reaction (PCR) using the following primers which allow ampli®cation of a 410-bp product of the neo gene: 5 H -ACTGGGCACAACAGA-CAATCG-3 H (forward primer) and 5 H -CGTCCAGAT-CATCCTGATCGA-3 H (reverse primer). Heterozygous mice of both colonies (Hoxb8lacZneo 1 and Hoxb8lacZ-neo 2 ) were intercrossed to obtain homozygous mutant embryos and adults, or crossed with wildtype mice to analyze the expression of the Hoxb8lacZ fusion protein.
Two out of 137 hygromycin-resistant clones electroporated with construct II (not shown) were found to be correctly targeted after DNA analysis (using similar probes and digests as described above). Chimeric males generated with one of these two ES cell lines did transmit the mutation through the germline after mating with FVB females.
X-gal staining and histology
Postimplantation embryos were recovered at the appropriate developmental stages, considering the day of the plug as day 0.5 of development. For analysis of the expression pattern, embryos were recovered at various stages, ®xed in 4% paraformaldehyde for 15 min to 2 h depending on the stage, and stained with X-gal according to Vogels et al. (1993) . X-gal-stained, post®xed embryos were embedded in paraf®n and sectioned at 7 or 10 mm. Sections were counterstained with neutral red. For analysis of the phenotype, 12.5-day Hoxb8lacZneo 2 embryos were stained in X-Gal staining solution, embedded in paraf®n, sectioned at 10 mm and counterstained with neutral red. 12.5-day Hoxb8lacZneo 1 embryos, which expressed the lacZ reporter at a lower level, were directly embedded, sectioned and stained with hematoxylin and eosin (H&E).
Analysis of cell death
Detection of apoptotic cells on 6 mm paraf®n sections of 9.75-and 10.5-day wildtype and mutant embryos was done using the In Situ Cell Death Detection Kit (Boehringer Mannheim) according to the instructions of the manufacturer.
Skeletal staining
Skeletons of newborns or day 18.5 embryos were stained according to a procedure described previously (Dolle Â et al., 1993) with slight modi®cations provided by C. Fromental Ramain (IGBMC, Strasbourg). Embryos or newborns were skinned and eviscerated, ®xed for 24 h in 96% ethanol/1% acetic acid, stained for cartilage in 80% ethanol/20% acetic acid 1 0:5 mg/ml alcian blue (Sigma) overnight and rinsed two times in 96% ethanol for 1 h. After digestion of soft tissues in 1.5% KOH for 5 h, bone was stained overnight in 0.5% KOH/20% glycerol 1 0:15 mg/ml alazin red S (Sigma). Embryos and newborns were then destained in 0.5% KOH/20% glycerol for 96 h and stored in 20% ethanol/20% glycerol.
